Introduction {#s1}
============

Substantia Nigra (SN) is a neuronal structure located in the ventral part of the midbrain, between crus cerebri and tegmentum. The postero-medial region of SN, known as "pars compacta" (SNc), is one of the four primary dopaminergic nuclei of the brain, together with the ventral tegmental area (VTA), the retrorubral area and the arcuate nucleus of hypothalamus (Nestler et al., [@B69]), and it is mainly connected with the dorsal striatum through the nigro-striatal pathway (Voorn et al., [@B90]). The antero-lateral zone, the "pars reticulata" (SNr), consists of GABAergic neurons which receive afferents from the striatum and subthalamic nucleus (STN) and in turn project to ventral-anterior (VA) and ventral-lateral (VL) thalamic nuclei (Zhou and Lee, [@B96]).

It is well-known that SN exerts a regulatory function on the basal ganglia circuitry (Guatteo et al., [@B35]), and it is involved in several neurological and neuropsychiatric disorders, such as Parkinson\'s Disease (Carman, [@B15]), schizophrenia (Weinberger, [@B91]), and pathological addictions (Wise, [@B92]).

Although several reports have demonstrated the existence of an extensive sub-cortical network for both SNc and SNr (Düzel et al., [@B24]; Menke et al., [@B57]; Chowdhury et al., [@B18]), less is known about the existence of direct cortico-nigral connections in the human brain.

The existence of a direct cortico-nigral pathway was postulated for the first time by Foix and Niculescu ([@B31]) and then reproposed by Rinvik and co-workers, who suggested the presence of direct projections arising from premotor area and reaching SN (Rinvik, [@B75]).

However, it was only the 1974 when direct cortico-nigral connectivity was demonstrated in cats by means of fiber degeneration methods (Fink-Heimer staining) (Afifi et al., [@B1]). On the contrary some studies in primates failed to reveal representative direct connections between cortex and ventral midbrain, resulting only in sparse or isolated fiber tracts (Leichnetz and Astruc, [@B53]; Künzle, [@B48]; von Monakow et al., [@B89]).

Further investigations in rodents revealed cortico-nigral connections between prefrontal cortex (PFC) and SN, using antero- and retrograde fiber tracers (Bunney and Aghajanian, [@B13]; Beckstead, [@B6]; Sesack et al., [@B79]; Naito and Kita, [@B64]; Jasmin et al., [@B40]; Zakiewicz et al., [@B94]; Höglinger et al., [@B38]) and ablation techniques (Carter, [@B16]; Kornhuber, [@B47]).

In addition, in an auto radiographic tracing study, it was found that area 6 in the raccoon projected to the ipsilateral SNc (Sakai, [@B76]).

Finally, in a more recent study on macaca monkeys, Frankle et al. ([@B32]) injected anterograde tracers into the orbital (OFC), cingulate and dorsolateral prefrontal (dlPFC) cortices, demonstrating direct connections from OFC and dlPFC to SN, whilst cingulate cortex was mainly connected to VTA (Frankle et al., [@B32]).

On the one hand, even if tract-tracing methods are the gold standard for studying the anatomo-physiology of basal ganglia, on the other hand, they still remain highly invasive techniques and therefore they cannot be used to study human brain *in vivo* (McFarland and Haber, [@B56]; Nambu et al., [@B67]; Kita, [@B46]).

However, in recent years, a growing interest in neuroimaging studies and several developments in magnetic resonance imaging have permitted to shed new light on the whole brain connectivity.

In this regard, Diffusion Tensor Imaging (DTI) is a modeling technique which allows, from the analysis of anisotropic water motion in white matter, the non-invasive reconstruction, and visualization of white matter fiber bundles (Mormina et al., [@B62]); it thus permits to estimate connectivity patterns between distinct brain regions (Basser et al., [@B4]; Henderson, [@B37]; Le Bihan and Johansen-Berg, [@B51]). Tractographic findings strongly depend on the diffusion model adopted: indeed, it is known that DTI suffers from several limitations such as large reconstruction biases and less reliability for fibers with complex configuration (e.g., crossing, fanning, kinking fibers; Parker and Alexander, [@B73]; Behrens et al., [@B7]; Jones and Cercignani, [@B45]; Farquharson et al., [@B27]). Consequently, several sequences and related signal modeling have been recently developed and used for exploring neural connectivity in normal subjects (Parker and Alexander, [@B73]; Jbabdi and Johansen-Berg, [@B41]; Farquharson et al., [@B27]; Jang et al., [@B39]; Jbabdi et al., [@B42]).

In particular, constrained spherical deconvolution (CSD) is able to reduce reconstruction biases and to provide more robust data, estimating one or more fiber orientations in presence of intravoxel orientational heterogeneity (Tournier et al., [@B84], [@B86]; Farquharson et al., [@B27]; Milardi et al., [@B59]).

To date, only few multitensorial DTI studies have focused on the connectivity of SN in human subjects (Menke et al., [@B57]; Chowdhury et al., [@B18]). In particular, Menke et al. used probabilistic DTI tractography with the aim of differentiating SNc and SNr according to their different connectivity profile. They demonstrated that these regions are both likely connected to cerebral cortex by means of the thalamus. SNc showed higher connectivity profile with prefrontal cortex, whilst SNr was more connected with motor and premotor cortices (Menke et al., [@B57]). Chowdury et al. investigated the well-characterized anatomical projections between the SN/VTA and striatum, providing a new method for subdividing the SN/VTA based on connectivity to the striatum (Chowdhury et al., [@B18]). Furthermore, they claimed that "direct projections between the SN/VTA and other structures exist, for example with the prefrontal cortex (Künzle, [@B48])."

Finally, Kwon and Jang ([@B49]) directly aimed the question of different patterns of connectivity between SN/VTA, showing that SN is connected with several brain structures such as corpus callosum, primary sensory cortex, premotor cortex, caudate nucleus, putamen, nucleus accumbens, temporal-occipital lobes, pontine basis, anterior lobe of cerebellum, external capsule (Kwon and Jang, [@B49]).

Challenging the classical view of the basal ganglia network based on the "direct," "indirect" (Leblois et al., [@B52]), and "hyperdirect" pathways (Nambu et al., [@B66], [@B68]), we have recently demonstrated the existence of a possible cortico-pallidal connectivity in humans (Milardi et al., [@B60]; Smith and Wichmann, [@B81]), which was then corroborated by a magnetoencephalography-local field potentials study in dystonic patients (Neumann et al., [@B70]). Furthermore, this hypothesis would meet the vision that the cortico-basal ganglia network consists of several, parallel, segregated, and functionally distinct, but homologous loop.

In this framework, we supported the hypothesis that the SN is not only a part of the subcortical basal ganglia network, but it is also connected with cortex, by means of an additional, parallel circuit. In the present study we provided tractographic findings of the existence of a cortico-nigral pathway in humans, confirming the previously existing literature based on animal studies.

Materials and methods {#s2}
=====================

Participants
------------

We recruited a total of 15 human subjects (male: 8, female: 7; average age 35.46 ± 11 years) with no previous history any overt neurological, physical or psychiatric disease. The research followed the tenets of the Declaration of Helsinki; written informed consent was signed from all included subjects, after explanation of the nature and possible consequences of the procedure. The study was approved by the institutional review board of IRCCS Bonino Pulejo, Messina, Italy (Scientific Institute for Research, Hospitalization and Health Care), protocol number 15/2012.

Data acquisition
----------------

The study was performed with a 3T Achieva Philips scanner using a 32-channels SENSE head coil. In each patient a structural 3D high-resolution T1 weighted Fast Field Echo (FFE) sequence was acquired using the following parameters: repetition time 25 ms; echo time 4.6 ms; flip angle 30°; FOV 240 × 240 mm^2^; reconstruction matrix 240 × 240; voxel size 1 × 1 × 1 mm; slice thickness 1 mm. The acquisition time was 6 min. Furthermore, a 3-D high resolution T2 weighted Turbo Spin Echo (TSE) sequence was obtained using the following parameters: repetition time 2500 ms; echo time 380 ms; FOV 250 × 250 mm^2^; reconstruction matrix 312 × 312; voxel size 0.8 × 0.8 × 0.8 mm; slice thickness 0.8 mm, The acquisition time was 9 min and 38 s.

The use of 3D TSE sequence allowed obtaining high-resolution images with a relative short acquisition time. At same time this sequence permitted to obtain a fine representation of the iron loaded nuclei due to T2^\*^ effect linked with the use of a very long echo-time (Figure [1](#F1){ref-type="fig"}).

![**MRI identification of SN**. SN is detectable as an hypointense region in axial plane in T2-weighted images, due to T2^\*^ effect that allows a better visualization of the iron-loaded nuclei. Anatomical relations of SN with RN are well identifiable. RN, red nucleus; SN is encircled in white.](fnhum-10-00374-g0001){#F1}

Furthermore, a DWI dataset was obtained with a dual phase encoded pulsed gradient spin echo sequence (Embleton et al., [@B26]); following parameters were adopted: *b*-value 1500 s/mm^2^, 61 gradient diffusion directions evenly distributed on a sphere more 3 un-weighted b0 volumes, echo-time 54 ms, repetition time 11,884 ms, FOV 240 × 240 mm^2^ resulting in isotropic 2 mm voxel resolution.

DWI pre-processing and co-registration
--------------------------------------

All diffusion images were corrected for motion as well as for Eddy Currents distortion artifacts using tools available within SPM8 MATLAB tool (<http://www.fil.ion.ucl.ac.uk/spm/software/spm8/>) and FSL. In brief, affine transformation based on b0 volumes was estimated and applied to diffusion images using Diffusion tool (<https://sourceforge.net/projects/spmtools/>); a displacement field map was created using topup FSL function on the basis of two b0 images acquired in opposite phase encoding directions. Such displacement field map was eventually fed to diffusion dataset using Unwarp and Fieldmap SPM8 toolboxes (<http://www.fil.ion.ucl.ac.uk/spm/toolbox/unwarp/>). Rotational parts of transformations were applied to individual gradient directions. High Resolution T1 and T2 images were then co-registered to preprocessed DWIs using a pipeline outlined in (Besson et al., [@B10]): in particular, Cerebral Spinal Fluid (CSF) masks were estimated from average of b0 images as well as from T1 ones using New Segment SPM8 utility. Then, CSFs of structural scans were warped to match CSF estimated from b0-image using FLIRT and FNIRT FSL utilities (<http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/>). Deformation fields were eventually applied to T1s to obtain an alignment as accurate as possible between structural and diffusion data.

This workflow led to much better cortical and subcortical correspondence than traditional affine co-registrations involving T1 and DWIs. In this way, we minimized possible misalignment biases coming from usage, in diffusion images space, of ROIs segmented in space of structural scans. This process is therefore fundamental to have an optimal anatomical correspondence, avoiding Regions of Interests (ROIs) to be slightly displaced and affected by CSF signal.

Segmentation of SN
------------------

The use of a very long echo-time in 3D T2-weighted TSE sequences allowed to obtain a reliable identification and segmentation of the iron loaded nuclei. In particular, by means of a viewer provided together with MRtrix package, the mask for SN was manually outlined by one of the authors bilaterally in T2-weighted images in the axial plane (Figure [1](#F1){ref-type="fig"}) superimposed on the color-coded FA map, where the SN typically appeared in green (Mori et al., [@B61]; Kwon and Jang, [@B49]). We localized the SN immediately above the pons, as a hypointense region between crus cerebri and tegmentum. Ascending in caudo-cranial direction, this region appeared to be expanded ventrally and we localized behind it the red nucleus (RN), in a more medial position. We were able to identify VTA as the medial hyperintense zone between RN and SN. In the upper sections of SN, we identified the STN as dorso-medial boundary and marked the SN in every ascending slices until the superior colliculi and the cerebral aqueduct disappeared. As posterior and anterior boundaries of the most superior section, the cerebral aqueduct and mammillary bodies were, respectively, delineated. STN becomes prominent in the axial plane including third ventricle, RN and the posterior commissure. The mask was better defined in both sagittal and coronal planes. It is worthy to note that the mask of SN was outlined small enough to avoid other white matter voxels and fiber streamlines in a neighboring area.

Cortical parcellation
---------------------

Cortical reconstruction and volumetric segmentation were performed on co-registered T1 images with the Freesurfer image analysis suite, which is documented and freely available for download online (<http://surfer.nmr.mgh.harvard.edu/>). Briefly, this processing involves motion correction and averaging (Reuter et al., [@B74]) of T1 weighted images, removal of non-brain tissue using a hybrid watershed/surface deformation procedure (Segonne et al., [@B77]), segmentation of the subcortical white matter and deep gray matter volumetric structures (Fischl et al., [@B30]), tessellation of the gray matter white matter boundary, automated topology correction (Ségonne et al., [@B78]), and surface deformation following intensity gradients to optimally place the gray/white and gray/cerebrospinal fluid borders at the location where the greatest shift in intensity defines the transition to the other tissue class (Fischl and Dale, [@B29]). Once the cortical models were completed, parcellation of the cerebral cortex into units with respect to gyral and sulcal structure (Desikan et al., [@B22]) was performed. Successively, the obtained parcellation and segmentation of each individual were visually inspected and, if needed, manually edited by one of the authors.

Tractography
------------

To model diffusion signal, we used a modified High Angular Resolution Diffusion Imaging (HARDI) technique called non-negative CSD: this technique estimates the fiber Orientation Distribution Function (fODF) directly from deconvolution of DW signal with a reference single fiber response function (Tournier et al., [@B84]). Response function was estimated from the data on the basis of voxels having a Fractional Anisotropy index (FA) above 0.7, this threshold being a strong indicator that a single fiber population insists within those voxels. fODF estimation and tractography were performed using MRtrix software (<http://jdtournier.github.io/mrtrix-0.2/index.html>).

Using CSD to extract local fiber orientations we managed to overcome partial volume effects associated with DTI and also to improve, comparing with other types of HARDI acquisitions, the poor angular resolution achieved with QBI (Q-balls Imaging), while discarding DSI due to its longer acquisition time (Alexander and Barker, [@B2]; Tournier et al., [@B86]).

In our study, spherical harmonic degree was fixed equal to 8 in order to obtain robustness to noise. During tractographic reconstruction, tracking was stopped when one of the following conditions existed: step size = 0.2 mm, maximum angle = 10°, minimal fODF amplitude = 0.15. The latter parameter allowed to obtain more accurate reconstructions avoiding streamlines to enter GM in deep or passing through CSF; indeed, in those regions, estimated fODF amplitudes are lower than such cut-off. This is a more conservative choice with respect to usual standards, since we preferred to underestimate fiber bundles in order to have consistent reconstruction without false positive (Descoteaux et al., [@B21]; Tournier et al., [@B85]).

We performed, for each subject, probabilistic whole brain tractography by generating a total of one millions streamlines using WM masks both as seed and mask regions; before running tractography, we applied a small dilatation to WM masks in order to allow streamlines to reach our ROIs, placed in GM, for subsequent analyses.

A further improvement in the definition of the fiber tracking was obtained by an anatomical model-based approach using regions of avoidance (ROAs) that, on the contrary, "filter out" the tracks (Verstynen et al., [@B87]). In particular, based on whole brain tractography, we have filtered out tracks by using SN as inclusion mask and basal ganglia as exclusion ones, isolating white matter reconstructed bundles traveling from SN to cerebral cortex in the internal capsule, from other potential paths that do not travel in the internal capsule and/or passing through the basal ganglia (and as such would not be direct). We excluded thalamus, caudate, putamen, globus pallidum (GP), STN, and corpus callosum. Since the putamen and pallidus were used as ROAs, it was fundamental that they did not include part of the internal capsule; indeed, the mask of these two regions were manually drawn by keeping only voxels with FA values lower than 0.2. This step was performed to exclude from the analysis fibers passing through the basal ganglia (Grèzes et al., [@B34]).

For visualization purposes, we reconstructed a color-coded map in which red, blue, and green colors indicate the principal streamline directions (Pajevic and Pierpaoli, [@B71]). Specifically, red color indicates a latero-lateral pattern, green color an anterior-posterior pattern, and blue color a caudal-cranial pattern. Intensity and pureness of these colors vary according to the behavior of fiber bundles in all intermediate positions.

Analysis of diffusion tensor parameters
---------------------------------------

We extracted for each pathway mean fractional anisotropy (FA) parameter defined by Basser ([@B3]). Diffusion tensors were estimated with a non-linear procedure, which allowed to minimize unrealistic results (Jones and Basser, [@B44]), by means of CAMINO software package (<http://cmic.cs.ucl.ac.uk/camino/>). By using in-house scripts built with MATLAB software package (<http://www.mathworks.com>), we extracted FA for each pathway.

Connectivity analysis
---------------------

Once whole brain probabilistic tractography process terminated, for each subject we isolated streamlines linking SN with cortical areas previously parcellated on structural scans. Then, we calculated number of streamlines connecting each couple of ROIs. With some limitations (Smith et al., [@B80]), such numbers are used as markers of connectivity density, both in healthy and pathological conditions (Behrens and Sporns, [@B8]; Bijttebier et al., [@B11]; Li et al., [@B54]).

This approach is defective since streamlines are generated without considering the amount of white matter they represent and information such as the size of ROIs and the distance between ROIs.

Then we took into account for volume and distance biases, since it is documented that streamlines are more likely to connect with larger ROIs or closer ROIs. In this sense, we performed weighted connectivity defined as the density of the streamlines linking a couple of ROIs, which definitely is the number of tracts scaled by the sum of inverse of the fiber length and the mean volume of two ROIs (Cheng et al., [@B17]).

Statistical analysis
--------------------

Statistical analyses were conducted using STATA version 13.0 (StataCorp, Colleage Station, Texas, USA) and SigmaPlot v11.0 (Systat Software Inc., Germany). Data were checked for errors and normality assessed for all continuous variables. All data sets were found to be normally distributed.

Paired *t*-tests were used to assess differences between left and right cortical connectivity of SN and between left and right FA values, and unpaired *t*-tests to assess the differences in cortical connectivity between male and female. Reported *P*-values have not been corrected for multiple comparisons, but a *P*-value was considered to be significant only after Bonferroni\'s correction for multiple comparisons for each of the 33 areas considered (i.e., *P* \< 0.0015).

Pearson\'s correlation was used to test correlations between connectivity and FA for significance. All tests were two-sided.

Results {#s3}
=======

In our cohort (*n* = 15), 7 of the subjects were women, the average age was 35.46 ± 11 years.

Thirty-three consistent patterns of **CSD** tractography-based structural cortical connectivity from the left and right SN were identified (Figure [2](#F2){ref-type="fig"}). The wast majority of the cortico-nigral connectivity (\~83%) was directed toward 8 cortical areas, namely, superior frontal (\~25%; Figure [3A](#F3){ref-type="fig"}), precentral (15.4%; Figure [3B](#F3){ref-type="fig"}), pars triangularis (10.8%; Figure [3C](#F3){ref-type="fig"}), rostral middle frontal (7.9%; Figure [3D](#F3){ref-type="fig"}), pars orbitalis (6.7%; Figure [3C](#F3){ref-type="fig"}), pars opercularis (7.2%; Figure [3C](#F3){ref-type="fig"}), paracentral (6.8%; Figure [3E](#F3){ref-type="fig"}), postcentral (3.6%; Figure [3F](#F3){ref-type="fig"}; average of the right and left side).

![**Connectivity results visualized by means of a bar-graph**.](fnhum-10-00374-g0002){#F2}

![**(A)** Fiber tracts between SN and superior frontal gyrus visualized in a posterior coronal view. SN model is represented in blue, while SFG is colored in dark green. Notice the rich density and organization of these connections. **(B)** Anterior coronal view of fibers between SN and precentral gyrus. SN model is shown in blue, precentral gyrus in pale green. Fiber tracts run through the internal capsule and reach preferentially the posterior and lateral parts of SN. **(C)** Fiber tracts between SN and pars opercularis, pars triangularis and pars orbitalis. SN model is shown in blue, pars opercularis in yellow, pars triangularis in brown and pars orbitalis in light blue. Fibers run through the internal capsule and reach the anterior part of SN. **(D)** Posterior view of fiber tracts between SN and rostral middle frontal gyrus. SN is depicted in blue, while rMFG in pale purple. Streamlines mainly approach the anterior part of SN. **(E)** Fiber tracts between SN and paracentral lobule in anterior coronal view. SN is shown in blue, SMA in green. Fiber tracts mainly interest the posterior part of SN. **(F)** Fiber tracts between SN and postcentral gyrus visualized in anterior coronal view. SN model is depicted in blue, postcentral gyrus in orange. Streamlines spread mainly from the medial regions of postcentral gyrus, but also from the most infero-lateral ones.](fnhum-10-00374-g0003){#F3}

Significant differences were found between left and right cortical connectivity of SN of the caudal middle frontal (*p* \< 0.0001), pars opercularis (*p* \< 0.0001), posterior cingulate (*p* \< 0.0001), rostral middle frontal (*p* \< 0.0001), pars orbitalis (*p* = 0.0003), superior frontal (*p* = 0.0002). The pars opercularis, pars orbitalis and rostral middle frontal were predominant right sided, while the others left sided (Figure [4](#F4){ref-type="fig"}). There was no correlation between connectivity and FA. Connectivity was not associated with gender and did not correlate with age.

![**Significant differences between left and right cortical connectivity of substantia nigra**.](fnhum-10-00374-g0004){#F4}

In particular, the cortico-nigral fibers ran within the internal capsule to the cerebral peduncle, and finally reached the SN in ventral midbrain (Figure [5](#F5){ref-type="fig"}; Supplementary Figure [1](#SM1){ref-type="supplementary-material"}).

![**Anatomical relations of cortico-nigral probabilistic fiber tracking**. In particular, panel **(A)** depicts left cortico-nigral pathway in a posterior parasagittal view; panel **(B)** shows bilateral cortico-nigral tract in posterior coronal view and panel **(C)** shows right cortico-nigral tract in posterior parasagittal view. 3D-rendered models of basal ganglia are shown to better illustrate anatomical relation: SN is shown colored in blue, caudate nucleus in dark green, thalamus in pale purple, putamen in pink, pallidum in light blue, STN in yellow and RN in brown. Cortico-nigral tracts runs mainly through internal capsule, avoiding thalamus, putamen and globus pallidus, and reach SN in the ventral midbrain, bypassing STN and RN.](fnhum-10-00374-g0005){#F5}

Left and right mean FA values are shown in Table [1](#T1){ref-type="table"}, whilst Table [2](#T2){ref-type="table"} summarizes our data in comparison to data obtained in animals.

###### 

**Significant differences between left and right mean FA values**.

  **FA**                       **Right**      **Left**       ***P*-value**
  ---------------------------- -------------- -------------- ---------------
  Caudal anterior cingulate    0.49 ± 0.041   0.49 ± 0.041   ns
  Caudal middle frontal        0.43 ± 0.016   0.43 ± 0.031   ns
  Cuneus                       0.49 ± 0.031   0.48 ± 0.033   ns
  Enthorinal                   0.47 ± 0.029   0.47 ± 0.044   ns
  Fusiform                     0.48 ± 0.023   0.48 ± 0.019   ns
  Inferior parietal            0.43 ± 0.024   0.44 ± 0.024   ns
  Inferior temporal            0.47 ± 0.022   0.47 ± 0.008   ns
  Isthmus cingulate            0.49 ± 0.026   0.49 ± 0.035   ns
  Lateral occipital            0.46 ± 0.027   0.45 ± 0.029   ns
  Lateral OFC                  0.46 ± 0.035   0.47 ± 0.022   ns
  Lingual                      0.48 ± 0.036   0.47 ± 0.029   ns
  Medial OFC                   0.48 ± 0.035   0.48 ± 0.023   ns
  Middle temporal              0.46 ± 0.017   0.46 ± 0.014   ns
  Para hippocampal             0.49 ± 0.028   0.49 ± 0.024   ns
  Paracentral                  0.42 ± 0.016   0.45 ± 0.023   0.0002
  Parsopercularis              0.43 ± 0.018   0.44 ± 0.026   ns
  Parsorbitalis                0.42 ± 0.076   0.46 ± 0.023   ns
  Parstriangularis             0.42 ± 0.022   0.44 ± 0.034   0.0005
  Pericalcarine                0.48 ± 0.043   0.47 ± 0.031   ns
  Postcentral                  0.42 ± 0.016   0.42 ± 0.021   ns
  Posterior cingulate          0.49 ± 0.042   0.49 ± 0.042   ns
  Precentral                   0.39 ± 0.015   0.4 ± 0.021    ns
  Precuneus                    0.44 ± 0.023   0.45 ± 0.024   ns
  Rostral anterior cingulate   0.5 ± 0.035    0.51 ± 0.032   ns
  Rostral middle frontal       0.4 ± 0.016    0.41 ± 0.031   ns
  Superior frontal             0.39 ± 0.016   0.4 ± 0.034    ns
  Superior parietal            0.42 ± 0.025   0.42 ± 0.02    ns
  Superior temporal            0.46 ± 0.018   0.46 ± 0.016   ns
  Supramarginal                0.44 ± 0.024   0.45 ± 0.026   ns
  Forntal pole                 0.48 ± 0.037   0.47 ± 0.023   ns
  Temporal pole                0.46 ± 0.032   0.46 ± 0.029   ns
  Transverse temporal          0.5 ± 0.034    0.5 ± 0.032    ns
  Insula                       0.47 ± 0.021   0.47 ± 0.017   ns

*ns, non-significant*.

###### 

**Comparison between our findings in human brain and other results animal brain**.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Areas involved in rats**                                                                                         **Areas involved in primates**                                                                           **Areas involved in humans**
  ------------------------------------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------- -------------------------------
  Medial prefrontal cortex (Sesack et al., [@B79])\                                                                  Orbital prefrontal cortex, dorso lateral prefrontal cortex, cingulate cortex (Frankle et al., [@B32])\   Superior frontal gyrus\
  Prefrontal cortex, with sparse fibers to insular, parietal, and temporal cortex (Bunney and Aghajanian, [@B13])\   Area 6 and area 9 (Künzle, [@B48]; von Monakow et al., [@B89])                                           Precentral gyrus\
  Motor and premotor areas (Kornhuber, [@B47])\                                                                                                                                                                               Pars triangularis\
  Orbital area, prelimbic rostral area, anterior cingulate area (Beckstead, [@B6]; Naito and Kita, [@B64])\                                                                                                                   Rostral middle frontal gyrus\
  Rostral agranular insular cortex (Jasmin et al., [@B40])\                                                                                                                                                                   Pars orbitalis\
  Primary somatosensory area (Zakiewicz et al., [@B94])\                                                                                                                                                                      Pars opercularis\
  Olfactory cortex (Höglinger et al., [@B38])                                                                                                                                                                                 Paracentral gyrus\
                                                                                                                                                                                                                              Postcentral gyrus

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*For animal findings, we maintained the anatomical nomenclature found in original research articles. References are discussed in text body*.

Discussion {#s4}
==========

SN can be anatomically and functionally divided in two sections, the antero-lateral SNr and the postero-medial SNc with significant differences in connectivity profile, receptor-architectonics, and functions (Voorn et al., [@B90]; Guatteo et al., [@B35]; Menke et al., [@B57]; Zhou and Lee, [@B96]; Chowdhury et al., [@B18]).

In the present study, we confirmed the existence of an extensive neural pathway running between cerebral cortex and SN, as described by existing literature.

In particular, we noticed the highest connectivity profile for SN with SFG, which is known to be an important prefrontal area; in addiction, lower values of connectivity were found between SN and other prefrontal areas areas such as pars opercularis, pars orbitalis, pars triangularis, and rostral MFG. These findings are in line with data regarding PFC-SN connectivity described in rodents (Bunney and Aghajanian, [@B13]; Kornhuber, [@B47]; Sesack et al., [@B79]) and primates (Leichnetz and Astruc, [@B53]; Künzle, [@B48]; Frankle et al., [@B32]), and with the few existing results obtained in humans by means of DTI-based techniques (Menke et al., [@B57]; Kwon and Jang, [@B49]). Interestingly, connections between PFC and SN in humans appears to be more prominent and represented than the sparse dlPFC/SN projections described by Frankle and colleagues in macaca monkeys. On the other hand, we were not able to find representative connections between OFC and SN, in contrast to findings revealed in primates (Frankle et al., [@B32]).

We also found well-represented connections between SN and cortical areas related with motor functions, such as paracentral lobule and precentral gyrus: this finding is in line with the existing literature that revealed sparse connections between motor cortex, premotor cortex and SN in primates (Künzle, [@B48]; von Monakow et al., [@B89]).

In a recent study aimed to examine functional networks related to the extrapyramidal system by using fMRI, it was shown that SN is connected with supplementary motor area (SMA), suggesting the former as an activity driver of the SMA and the latter as a crucial node within the cortico-basal network (Zhang et al., [@B95]).

Finally, we found significant connections between SN with parietal sensory and sensory-motor cortices. These findings are in keeping with animal data in rodents, obtained with anterograde tracers, that have shown extensive connections running from primary somatosensory area to SNr (Zakiewicz et al., [@B94]).

This is not the first attempt in demonstrating connections between cerebral cortex and SN in humans. Hence, the existence of direct cortico-nigral fibers has been postulated and demonstrated, back to the first half of XX century, by the French anatomist Leo Testut who, in its classical textbook of anatomy, comments: "Fibers of cerebral cortex, coming from the rolandic region, pass through the internal capsule, with the peduncolar pathway, reach the peduncle\'s foot and enter the anterior part of SN" (Testut and Latarjet, [@B83]). A recent study found that SN could be likely connected with prefrontal cortex and sensory-motor cortex, but the authors concluded that these connections were not linking cortex and SN directly, but passing through thalamus (Menke et al., [@B57]).

By using a probabilistic tractography method based on a multi-fiber model, Kwon and Jang ([@B49]) demonstrated that SN showed high connectivity values to primary motor cortex, primary somatosensory cortex, and premotor cortex and prefrontal cortex. As claimed by the authors, their study suffered from intrinsic technical DTI limitations (Parker and Alexander, [@B73]; Fillard et al., [@B28]; Jeurissen et al., [@B43]) and MRI data were acquired with low Tesla (1.5), channels (6), and diffusion directions (32).

In the present paper, we used a HARDI-CSD-based technique, which is able to provide more robust data, estimating one or more fiber orientations in presence of intravoxel orientational heterogeneity (Tournier et al., [@B84], [@B86]). Moreover, we acquired MRI data with a 3T scanner, 32 channels, *b*-value = 1500 s/mm^2^, and 64 gradient diffusion directions, improving quality of data and reliability of results. Finally, in our work we used exclusion masks for caudate, putamen, thalamus, globus pallidus and STN, and therefore we can assume that this cortico-nigral connectivity is likely to be direct.

Several evidences reinforce the presence of direct cortico-nigral projections in humans. It has been reported that the unilateral ablation of PFC causes a significant reduction of glutamate levels in the ipsilateral SN (Kornhuber, [@B47]). In addition, there is an old paper suggesting that the pacemaker-like activity of SN neurons can be modulated by afferent cortical projections (Gariano and Groves, [@B33]).

Finally, there are also indirect evidences suggesting the presence of cortico-nigral connections in humans. Indeed, Strafella and co-workers demonstrated that repetitive transcranial magnetic stimulation over primary motor area and PFC induces dopamine release in caudate nucleus (Strafella et al., [@B82]).

Physiopathological implications
-------------------------------

The well-known model of basal ganglia physiology put forward by DeLong in the late eighties has plagued the field with a paramount impact on the comprehension of movement disorders (MD), which has boosted neurosurgery for these conditions (DeLong, [@B20]). The essence of the model postulates that cortical information flows through the basal ganglia via two major systems: the direct and indirect pathways, originating from segregated populations of striatal medium spiny neurons (MNNs) and exerting opposite effects on basal ganglia outflow.

In particular it has been shown that that selective stimulation of the indirect pathway (D1 receptors) provoked movement arrest while activation of direct pathway (D2 receptors) led to movement activation (Bateup et al., [@B5]).

In addition to the striatum another important node of the network is the STN, which has extensive cortical connections through a fast conductive cortico-subthalamic pathway called hyper-direct pathway (Nambu et al., [@B68]; Nambu, [@B65]).

In a recent paper, we have challenged the traditional model of basal ganglia functioning by showing the existence of cortico-pallidal projections in humans (Milardi et al., [@B60]). By using a CSD-based tractographic approach, we demonstrated the presence of direct pathways connecting Broadmann\'s areas 4, 5, 6, 11, 12, 46, and 48 with both segments of GP. The cortical output to both segments of GP may provide an efficient system to control upstream direct and indirect pathways. These findings are substantially in line with the emerging view on basal ganglia organization, also supported by several tractographic studies (Draganski et al., [@B23]; Lambert et al., [@B50]).

This pathway may provide direct cortical access to GP, bypassing the striatum, and may represent an additional route for cortical regulation of the basal ganglia circuitry (Smith and Wichmann, [@B81]).

Interestingly, a magnetoencephalography study has recently identified in dystonia patients a robust band of beta coherence between motor and premotor cortical areas with GPi, confirming the functional role of cortico-pallidal beta signaling in regulating the cortex-basal ganglia-cortex feedback loops implicated in motor control (Neumann et al., [@B70]). We have recently also proposed a new framework where the existence of this abnormal cortico-pallidal connectivity should be explored at a functional and structural level to shed new light on the pathophysiology of movement disorders (Cacciola et al., [@B14]). In this scenario, we speculated that, as the hyperdirect pathway is a faster connection of cortex with STN, with respect to the direct and indirect pathways, similarly the cortico-pallidal fibers could represent a fast connection between cortex and GP (Milardi et al., [@B60]; Cacciola et al., [@B14]).

In the present paper, we provide new evidences supporting the existing model of basal ganglia network physiology by means of tractographic demonstration of a complementary direct cortico-SN pathway that could work paralleling the cortico-pallidal system.

This direct cortico-nigral system is likely to be a very important hierarchically node within the basal ganglia network, as it may exert a powerful upstream control on direct and indirect pathways through a modulation of the nigro-striatal system in addition to the cortico-GPi direct pathway. In addition, we have recently shown a direct connectivity between cerebellum and SN, which may represent a fast route for cerebellar activity to regulate and to be regulated by basal ganglia activity (Milardi et al., [@B58]). In this perspective, cortico-nigral-cerebellar connections may directly interact each other resulting in a fine regulation of SNr firing.

However, based on MRI data used in the present study, we cannot discriminate between the two different portions of SN.

SNr is, along with internal globus pallidus (GPi), the output nucleus in basal ganglia circuitry, since it fires directly on VA and VL thalamic nuclei with inhibitory GABA-ergic neurons. The regular high-frequency spontaneous firing of SNr neurons is mainly modulated by inhibitory neurons from striatum and external globus pallidus (GPe) and excitatory neurons from STN (Zhou and Lee, [@B96]).

The results of the present study are very relevant in light of recent findings that have demonstrated an important role of SNr in the pathophysiology of hyperkinetic MD providing an explanation of the paradox of pallidotomy in PD. It is well-known that, according to the traditional model of DeLong, a lesion of the GP should reduce GPi efferent activity worsening the dyskinesias (DeLong, [@B20]). However, clinical data in several hundreds of treated patients suggest the opposite (Bejjani et al., [@B9]; Guridi and Lozano, [@B36]; Lozano and Lang, [@B55]; Wu et al., [@B93]; Volkmann et al., [@B88]; Munhoz et al., [@B63]).

A partial solution of this paradox has been provided by Dybdal and colleagues who have demonstrated that experimental inhibition of a very restricted area of SNr can induce a choreiform dyskinesia which is distinct from that responsible for inducing torticollis (Dybdal et al., [@B25]).

The contralateral directed choreiform dyskinesias and torticollis observed after focal inhibition within specific regions of the SNr can explain some of the symptoms observed in several MD such as, Huntington\'s disease, levodopa-induced dyskinesias, cranio-cevical and generalized dystonias, and tardive dyskinesias and dystonias.

The crucial role of SNr in MD can also explain why the excessive activation of glutamatergic subthalamo-SNr and GABAergic pallido-SNr fibers, driven by STN DBS may produce dyskinesias (Bosch et al., [@B12]).

Strategies aimed at disinhibition of the SNr warrant further exploration as potential therapeutic interventions for human torticollis and dyskinetic syndromes. In this perspective, cortical modulation with non-invasive neuromodulation technique could offer an alternative opportunity to modulate SN firing.

Limitations {#s5}
===========

The present study regarding cerebral-SN connectivity suffers from some limitations. It is worthy to note that tractography does not provide a direct visualization of axons, allowing only a probabilistic representation of the most likely trajectories based on local diffusion.

A drawback of this technique is also the inability to establish the directionality of signal transmission (Chung et al., [@B19]; Parker et al., [@B72]) that need to be determined with functional connectivity approaches. The latter could use technique such as dynamic causal modeling to infer whether firing of one brain region leads to activity changes in other regions, thus determining directionality of these connections. A combined approach between dynamic causal modeling-based functional studies together with the tracking method employed in the present study, should be fostered to resolve issue directionality of this cortico-basal ganglia pathway. Moreover, tractography cannot provide fully conclusive evidence of direct anatomical connections since it is unable to disentangle monosynaptic from polysynaptic connections and to detect gap junctions. Further studies need to be carried out in the human brain using postmortem microsurgery dissection and/or tracer injection or *in vivo* fMRI in order to confirm the existence of this cortico-nigral pathway.

A further limitation of the present study is that we could not discriminate between cortical direct connectivity of SNc and SNr, since images resolution didn\'t allow for it. However, this could be the aim of further investigations, by using higher resolution acquisition and 7T scanners.

Although our results are anatomically plausible compared with previous anatomical descriptions of these connections in animals, tractography results have to be interpreted with caution. Hence, it is well-known that tractography may suffer from reconstruction biases, such as possible false positive streamlines. In this regard, to make our tractographic findings more reliable we decided to use probabilistic CSD tractography with more conservative reconstruction criteria respecting usual standard (Descoteaux et al., [@B21]; Milardi et al., [@B60]), at the cost of an underestimation issue.

Finally, our results are based on a relatively small sample of adult subjects, and this might explain why we have not found any correlations between sex and age.

However, despite its limitations, it is worthy to remember that tractography is the only available technique to investigate structural neural connectivity *in vivo* and non-invasively.

Conclusions {#s6}
===========

Using diffusion-tensor magnetic resonance imaging and CSD tractography, we demonstrated the presence of direct anatomical cortico-nigral connections, already extensively described in cats, rodents and primates but only suggested in humans.

This direct connection might be another piece of the puzzle toward a more extensive comprehension of cortical regulation on both motor basal ganglia and dopaminergic reward circuits and might pave the way for further biochemical and physiological investigations.
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**Course of cortico-nigral connections**. Representation of the course of the connections between cerebral cortex and SN. On the right fibers are red colored, on the left blue colored. The first two images depict tracts leaving the cerebral cortex, then fibers pass through corona radiata and internal capsule to finally reach SN.
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